Introduction {#sec1}
============

Type II diabetes mellitus (T2DM), an adult-onset disorder and characterized by insulin resistance, is increasing amongst children, adolescents, and young adults in recent years \[[@B1]\], and its projected worldwide prevalence is expected to reach 642 million by 2040 \[[@B2]\], which has been a national and world health issue. Acute pancreatitis (AP), an inflammatory disorder of the pancreas, whose annual incidence ranges from 13 to 45 per 100000 people \[[@B3]\], is the leading cause of admission to hospital for gastrointestinal disorders. In 2009, acute AP became the most frequent principal discharge diagnosis in gastrointestinal disease and hepatology in U.S.A. \[[@B4]\].

Selective serotonin re-uptake inhibitors (SSRIs), as a new second-generation antidepressant, has become a first-line medication for depression, account for their safer and better tolerance than other types of antidepressants \[[@B5]\]. The use of SSRIs is widespread, they make up approximately 62% of all antidepressants in the United States \[[@B6]\], including sertraline, paroxetine, fluoxetine, citalopram, and escitalopram. However, concern of the safety of SSRIs is growing in recent years. Several adverse effects of SSRIs have been reported, including bleeding risk \[[@B7]\], autistic offspring \[[@B8]\], fractures \[[@B9]\], and stroke \[[@B10]\], and so on. Some researchers reported that SSRIs may be associated with an increased incidence of AP \[[@B11]\] and T2DM \[[@B15]\], but with inconsistent opinion. Therefore, we explored SSRIs on the risk of them. In addition, although this meta-analysis of observational studies about antidepressants on the risk of T2DM have been published recently \[[@B22]\]; there was no detailed analysis of the relationship between SSRIs and T2DM. We further explore the relationship between SSRI and T2DM specifically on this basis.

Materials and methods {#sec2}
=====================

Literature search and including criteria {#sec2-1}
----------------------------------------

Systematic search by retrieving PubMed, Embase, Cochrane, and Scopus to obtain relevance articles through December 2017. The following keywords were used for searching: 'serotonin re-uptake inhibitors' or 'SSRIs' or 'sertraline' or 'paroxetine' or 'fluoxetine' or 'fluvoxamine' or 'citalopram' or 'escitalopram' and 'diabetic mellitus' and 'acute pancreatitis'. Cited references of the retrieved articles and reviews were also checked. Reference lists were screened to expect or obtain new articles. This systematic review and meta-analysis are reported in accordance with the Preferred Items for Systematic Reviews and Meta-analysis (PRISMA) Statement \[[@B25]\]. We included any study that met all of the following inclusion criteria: (i) published literatures in English; (ii) independent case--control studies or cohort studies; (iii) the outcomes of interest were T2DM and AP; (iv) the original studies must provide the number of each group or the odds ratios (ORs), relative risks (RRs), or hazard ratios (HRs) of T2DM or AP. Excluded criteria: (i) duplicated data; (ii) the original data could not be extracted; (iii) animal experiment, basic research, cross-sectional studies, and no control group of patients; (iv) review, letter, case report, and no related study; (v) non-English language publication.

Data extraction and assessment of methodological quality {#sec2-2}
--------------------------------------------------------

The extracted data consisted of the following items: the first author's name, publication year, population (ethnicity), methods, study design, matching criteria, sex, age (years), total number of cases and controls, adjusted OR or RR or HR estimates, and the corresponding 95% confidence interval (CI) for SSRIs use and adjusted confounding variables. Quality of studies was evaluated by the Newcastle--Ottawa scale, as recommended by the Cochrane Non-Randomized Studies Methods \[[@B26]\], a total score of 6 or less was considered low quality and 7--9 was deemed high quality.

Statistical analysis {#sec2-3}
--------------------

The end points included AP and T2DM. Meta-analysis was performed to calculate pooled ORs with 95% CIs by using Stata 14.0. We assumed there was similarity amongst OR, RR, and HR, because the rates of AP and diabetes mellitus events were less than 20% \[[@B27]\]. Heterogeneity amongst studies was assessed by *I^2^* statistic, *P*\<0.10 and *I^2^* \> 50% indicated evidence of heterogeneity \[[@B28]\]. Random-effects model \[[@B29]\] was used to estimate the pooled adjusted OR (aOR). The OR and corresponding 95% CI were utilized to assess the associations. For the risk of T2DM with taking SSRIs, subgroups analysis about study design, methodological quality, ethnicity, follow-up, and sample of patients were conducted to explore the source of heterogeneity. And for the risk of AP, subgroups analyses about different durations of SSRIs and ethnicity were performed to further explore clinical relationship between SSRIs use and AP. Since the duration of SSRIs varied across studies, therefore, the shorter duration of SSRIs use was defined as a duration of exposure of ≤14 days, and the longer duration of SSRIs exposure was defined as a cumulative duration of exposure of 14 days to 1 year. Sensitive analysis was implemented by excluding heavy-weight studies. Funnel plot and Egger's test were carried out to explore publication bias, the *P*-value of Egger's test \<0.05 was considered significant \[[@B30]\].

Results {#sec3}
=======

Selection and characteristics of included studies {#sec3-1}
-------------------------------------------------

The systematic search of PubMed, Embase, Cochrane, and Scopus provided a total of 787 citations, including 265 papers about AP and 522 papers about diabetes mellitus. After adjusting for duplicates and screening initial titles and abstracts, 749 were excluded. Twenty-six studies were potentially relevant studies, of which fifteen trials were excluded according to the exclusion criteria. Finally, eleven studies involved 17548 AP patients and 113898 T2DM patients were pooled for meta-analysis \[[@B11]\], including four nest case--control studies about AP \[[@B11]\], three cohort studies, and four nest case--control studies about T2DM \[[@B15]\]. In particular, one study reported results from three separate studies (Pan et al. \[[@B20]\] HPFS, NHS and NHSⅡ), which was analyzed separately in the meta-analysis, so nine studies about T2DM were included actually. No additional new articles were identified by screening references. A flow diagram of the study selection process was shown in [Figure 1](#F1){ref-type="fig"}. All included studies were from eight countries or regions representing North America, Europe, and Asia. Duration of follow-up was from 2 to 12 years. And high-quality studies accounted for 63.6%. Characteristics of included studies were shown in [Table 1](#T1){ref-type="table"}.

![Flowchart of the literature search](bsr-38-bsr20180967-g1){#F1}

###### Characteristics of studies included in the meta-analysis

  Study and year                 Country   Design                 Duration of follow-up (years)   Disease   Cases/controls   Adjustment variables                                                                                                                                                                                                                                                                                  Quality of studies
  ------------------------------ --------- ---------------------- ------------------------------- --------- ---------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------
  Lancashire, 2003 \[[@B14]\]    U.K.      Nested case--control   9                               AP        3673/11010       Age, sex, general practice, previous history of illness, height, weight, smoking habits and alcohol consumption, medication use (gastrointestinal system, cardiovascular system, central nervous system, anti-infective agents, immunosuppressants)                                                   8
  Lin, 2017 \[[@B11]\]           China     Nested case--control   13                              AP        4631/4631        Age, sex, SSRIs use frequency, other antipressant drugs, comorbidities (alcohol-related diseases, biliary stones, cardiovascular diseases, chronic kidney disease, chronic obstructive pulmonary disease, diabetes mellitus (DM), hepatitis B and C, hyperparathyroidism, and hypertriglyceridemia)   8
  Ljung, 2012 \[[@B13]\]         Sweden    Nested case--control   2                               AP        6161/61637       Age, sex, history of excessive alcohol consumption or disease related to alcohol, drugs used to treat alcohol dependence, chronic obstructive lung disease, ischemic heart disease, antiobesity drugs, diabetes, antidiabetic medication, opioid drug use, educational level, marital status          8
  Nørgaard, 2007 \[[@B12]\]      Denmark   Nested case--control   12                              AP        3083/30830       Age, sex, SSRIs use frequency, other non-SSRIs antidepressant drugs, present use of other medicines (e.g. glucocorticoids, NSAIDs, antiepileptic, azathioprine), gallstone diseases, alcohol-related diseases, IBD                                                                                    6
  Andersohn, 2009 \[[@B15]\]     U.K.      Nested case-control    15                              T2DM      2243/8963        BMI, hyperlipidemia, hypertension, smoking history, recent use of β-blockers, thiazides, phenytoin, antipsychotics, glucocorticoids, carbamazepine, valproate, lithium                                                                                                                                9
  Jerrell, 2009 \[[@B16]\]       U.S.A.    Cohort                 9                               T2DM      11970/4500       Age, gender, ethnicity                                                                                                                                                                                                                                                                                6
  Khoza, 2012 \[[@B17]\]         U.S.A.    Cohort                 7                               T2DM      2937/9163        Age, gender, race, medication adherence, number of concomitant diabetogenic, medications, chronic disease, treatment duration                                                                                                                                                                         7
  Kisely, 2009 \[[@B18]\]        Canada    Nested case--control   5                               T2DM      608/607          Age, gender, use of psychotropic drugs: high-and low-potency conventional neuroleptics, olanzapine, quetiapine, risperidone, SSRIs, venlafaxine, amitryptiline, lithium, and other mood stabilizers                                                                                                   7
  Kivimaki, 2010 \[[@B19]\]      Finland   Cohort                 4                               T2DM      851/4234         Hypertension, coronary heart disease, cerebrovascular disease, cancer                                                                                                                                                                                                                                 8
  Pan, 2012 (HPFS) \[[@B20]\]    U.S.A.    Cohort                 16                              T2DM      1287/29411       Age, ethnicity, marital status, smoking status, alcohol intake, multivitamin and aspirin use, physical activity, metabolic equivalent, DM, BMI                                                                                                                                                        8
  Pan, 2012 (NHS I) \[[@B20]\]   U.S.A.    Cohort                 12                              T2DM      3514/57655       Mental health index                                                                                                                                                                                                                                                                                   6
  Pan 2012 (NHS II) \[[@B20]\]   U.S.A.    Cohort                 12                              T2DM      1840/68257       Menopausal status, hormone use, oral contraceptive                                                                                                                                                                                                                                                    6
  Wu 2014 \[[@B21]\]             China     Nested case--control   12                              T2DM      47885/95770      Hyperlipidemia, presence of psychotics illnesses, use of other medications                                                                                                                                                                                                                            7

BMI, body mass index; NSAID, nonsteroidal antiinflammatory drugs; IBD, inflammatory bowel disease.

SSRIs and the risk of T2DM {#sec3-2}
--------------------------

As shown in [Figure 2](#F2){ref-type="fig"}, nine studies provided data about risk of T2DM with taking SSRIs, the pooled multivariate-aOR was 1.38 (95% CI = 1.24--1.54) with low heterogeneity (*P*=0.031, *I^2^* = 52.8%). Funnel plot was shown in [Figure 3](#F3){ref-type="fig"}, Egger's test (*P*=0.666) suggested that there was no publication bias. Sensitive analysis exhibited that our result was stable (OR = 1.34 (1.15--1.57)), without change significantly by excluding Khoza et al. \[[@B17]\] and Pan et al. \[[@B20]\] NHSII.

![Forest plot for association between SSRIs use and risk of T2DM](bsr-38-bsr20180967-g2){#F2}

![Funnel plot for association between SSRIs use and risk of T2DM](bsr-38-bsr20180967-g3){#F3}

SSRIs and risk of AP {#sec3-3}
--------------------

Four studies providing data about risk of AP with taking SSRIs, the multivariate-adjusted pooled OR was 1.26 (95% CI = 1.13--1.40) with no heterogeneity (*P*=0.471, *I^2^* = 0.0%, [Figure 4](#F4){ref-type="fig"}). Funnel plot could not be conducted because of limiting to small studies, Egger's test (*P*=0.337) suggested no publication bias. Excluding Ljung et al. \[[@B13]\] to reanalyze results, the pooled estimate did not change significantly (OR = 1.26 (1.13--1.40)).

![Forest plot for association between SSRIs use and risk of AP](bsr-38-bsr20180967-g4){#F4}

Subgroup analysis {#sec3-4}
-----------------

On assessment of the risk of T2DM with taking SSRIs, subgroup analysis ([Table 2](#T2){ref-type="table"}) about study design showed that significant differences appeared in both case--control studies (OR = 1.54, 95% CI = 1.22--1.95) and cohort studies (OR = 1.33, 95% CI = 1.17--1.51), but significant heterogeneity was only observed for cohort studies (*P*=0.025, *I^2^* = 64.1%). In subgroup analysis by methodologic quality, we discovered there was a significant result (OR = 1.45, 95% CI = 1.31--1.59) with no heterogeneity (*P*=0.370, *I^2^* = 7.6%) in high-quality studies (≥7 score), but this difference did not appear in low-quality studies (\<7 score) (OR = 1.27, 95% CI = 0.98--1.64) with increased heterogeneity (*P*=0.008, *I^2^* = 85.8%). Outcomes of ethnicity exhibited that SSRIs could increase the risk of T2DM in both European (OR = 1.75, 95% CI = 1.37--2.24) and American (OR = 1.32, 95% CI = 1.18--1.47), but not Asian (OR = 1.73, 95% CI = 0.95--3.16). To explore further the resource of heterogeneity, subgroups analyses about follow-up and sample size of patients were also conducted, and all of the results suggested that pooled estimates were significant. And heterogeneity decreased obviously when follow-up \<10 years and sample size of patients \<2000. To explore the clinical relationship between SSRIs use and AP, we evaluated ethnicity difference and time-point of AP appearing after SSRIs use. The result indicated that SSRIs indeed could increase the risk of AP of European (OR = 1.28, 95% CI = 1.11--1.47), but may not of Asians (OR = 1.26, 95% CI = 0.75--2.11). What was more, shorter duration of SSRIs use was more strongly associated with AP (OR = 1.85, 95% CI = 1.27--2.69) than longer duration (OR = 1.25, 95% CI = 1.25--1.38).

###### Subgroup analysis of SSRIs use and risk of T2DM and AP

  Group                     Subgroups       Number of studies   OR (95% CI)         *P*-value   *I^2^* (%)
  ------------------------- --------------- ------------------- ------------------- ----------- ------------
  **T2DM**                                                                                      
  Study design              Case--control   4                   1.54 (1.22--1.95)   0.213       33.3
  Cohort                    5               1.33 (1.17--1.51)   0.025               64.1        
  Study quality             \>7 score       7                   1.45 (1.31--1.59)   0.37        7.6
  \<7 score                 2               1.27 (0.98--1.64)   0.008               85.8        
  Ethnicity                 European        2                   1.75 (1.37--2.24)   0.509       0
  American                  6               1.32 (1.18--1.47)   0.038               57.5        
  Asian                     1               1.73 (0.95--3.16)   \-                  \-          
  Follow-up (years)         \>10            5                   1.34 (1.11--1.63)   0.025       64.0
  \<10                      4               1.44 (1.32--1.59)   0.372               4.1         
  Sample size of patients   \>2000          5                   1.40 (1.16--1.67)   0.014       68.2
  \<2000                    4               1.40 (1.23--1.60)   0.272               23.2        
  **AP**                                                                                        
  Ethnicity                 European        3                   1.28 (1.11--1.47)   0.283       20.7
  Asian                     1               1.26 (0.75--2.11)   \-                  \-          
  Duration of SSRIs use     ≤14 days        2                   1.85 (1.27--2.69)   0.374       0
  14 days to 1 year         3               1.25 (1.14--1.38)   0.523               0           

Discussion {#sec4}
==========

Our study included nine observational studies to explore the effect of SSRIs on the risk of T2DM, the pooled adjusted OR showed that the risk increased 1.38 times with trying to calibrate as many other impact factors as possible, such as depression, hypertension and obesity, and so on. In addition, four studies in our study have for the first time identified evidence linking use of SSRIs to AP \[[@B11]\]. Remarkably, there was a significantly higher risk of AP with SSRIs, with approximately 1.26 times. Sensitive analysis and publication bias test showed that our results of T2DM and AP were both reliable.

A case--control study of Anderson is included in our meta-analysis. In this large observational study, which included more than 160000 patients with depression treated with antidepressants, the long-term use of antidepressants in moderate to high doses in patients with diabetes increased the risk of 84%. This risk includes both tricyclic antidepressants and SSRIs. An average of 3.2 years of continuous use of antidepressants increased the risk by 2.60 times of diabetes (95% CI = 1.37--4.94) \[[@B15]\]. A 10-year follow-up study showed that long-term use of antidepressants was associated with a significant increase in risk of T2DM, compared with the placebo group (OR = 2.34) \[[@B31],[@B32]\].

Following are the possible mechanisms of diabetes caused by SSRIs. Boura-Halfon et al. have shown that SSRIs are potential inducers of insulin resistance, and its role may be to act as a direct inhibitor of the insulin signaling cascade in β-cells \[[@B33]\]. The mechanism of short-term inhibition of insulin by SSRIs may involve activating IRS-2 (insulin receptor substrate proteins-2) kinase, such as GSK 3 β, and promoting the phosphorylation of IRS-2 at some inhibitory Ser sites. He also found that GSK 3 β was a key factor in inhibition, including inhibition of protein function of IRS-2 and inhibition of GSIS (glucose-stimulated insulin secretion) \[[@B33]\]. On the other hand, by biochemical analysis and electrophysiological analysis, Paulmann et al. \[[@B34]\] found that 5-HT regulates insulin secretion by serotonylation of GTPases within pancreatic β-cells, and SSRIs can block this intracellular process, resulting in inhibition of insulin secretion in β-cells. In general, SSRIs can promote β-cell apoptosis, inhibit insulin secretion, and accelerate the transition of insulin resistance to dominant diabetes.

The resources of heterogeneity (*P*=0.031, *I^2^* = 52.8%) of pooled estimates of risk of T2DM with SSRIs taking was explored by subgroup analysis. We discovered that heterogeneity appeared obviously decreased when only nest case--control studies or high-quality studies were included. In addition, the similar results also appeared when follow-up \<10 years or sample size of patients \<2000. These results suggested that we not only found the resources of heterogeneity, but also knew that sample size had no impact on final results.

To further explore the clinical relationship between SSRIs use and risk of AP and provide help for clinic, we implemented subgroup analysis about ethnicity and time-point of AP appearing after SSRIs use. SSRIs use could increase the risk of AP of Europeans (OR = 1.28, 95% CI = 1.11--1.47), but may not of Asians (OR = 1.26, 95% CI = 0.75--2.11). But because of small studies included, we could not be sure that there exists ethnicity difference. As to time-point of AP appearing, we discovered that SSRIs use could increase the risk of AP strongly when ≤14 days (OR = 1.85, 95% CI = 1.27--2.69), with 1.48-fold-times of 14 days to 1 year, which we should pay great attention to risk of AP in 2 weeks after taking SSRIs.

Unfortunately, there has been no specific study to confirm the exact relationship between the occurrence of AP and the application of SSRIs. However, we can speculate that there may be some relationships amongst SSRIs, DM, and AP. In a cohort study of 337067 patients with T2DM, Noel et al. \[[@B35]\] showed that the risk of pancreatitis in T2DM group was 2.83 times (95% CI = 2.61--3.06) higher than that in non-diabetic patients. The risk of biliary tract disease was 1.91 times higher than that in non-diabetic group (95% CI = 1.84--1.99). There are also studies that followed up for 8 years, and they found that the incidence of AP in diabetics and non-diabetics was 2.98 and 1.68/1000, respectively. A covariable adjusted risk ratio is 1.53 (95% CI = 1.49--1.58) \[[@B36]\]. Hyperglycemia can induce oxidative stress in various tissues of the body. Chronic hyperglycemia has been shown to cause mitochondrial oxidative stress, which leads to increased production of reactive oxygen species (ROC) and lipid peroxidation \[[@B37]\]. What is more, ROC plays a key role in the pathogenesis of AP. \[[@B38]\]. With the progress of the disease, fibrosis in the inter-lobar septa is increasing. In the late stages of the disease, exocrine parenchyma is almost entirely replaced by fibrous tissue \[[@B39]\], with a mean β-cell deficit of 40--50% in patients with overt diabetes \[[@B40]\]. In addition, study found that 16.6% (*n*=1540) of patients with type II diabetes had elevated levels of serum lipase (1.2% of which were more than three times higher). Amylase levels increased in 11.8% (*n*=1094) of the patients (0.2% of them more than three times higher) \[[@B41]\]. Therefore, in the face of diabetic patients, clinicians also need to consider the possibility of accompanied pancreatitis.

Our study concluded that SSRIs may increase the risk of T2DM and AP indeed with giving much more specific explanations about the relationship between SSRIs and T2DM; and for the first time identified evidence linking use of SSRIs to AP. However, there were some limits existing that we could not avoid. First, despite aORs performed, we failed to explain the source of heterogeneity amongst subgroup analysis completely, because not all the adjusted variables were exactly the same for each study. Second, subgroup analysis about type of SSRIs was not conducted limited to small number of studies, in this case, we explored other possible variability. Third, we could not obtain sufficient data to carry out subgroup analysis, such as dose, duration. Fourth, we only included articles with English language, so relevant studies in non-English might be missed, which lead to publication bias in a certain degree. Finally, only observational studies were included in the analysis, a cause-and-effect relationship could not be established.

In conclusion, SSRIs could increase the risk of T2DM and AP, approximately 1.38-fold and 1.26-fold, respectively. In addition, the risk of AP was higher in the duration of ≤14 days with SSRIs use. Therefore, we should pay more attention to those taking SSRIs to prevent T2DM and AP. Although not so many studies have been included, sample size is large enough to support our conclusion. In the future, we hope that some high-quality studies about types, specific duration, intervals, and dose of SSRIs which trigger T2DM and AP are needed.
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aOR

:   adjusted odds ratio
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IRS-2
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